Mechanisms of Action of TSHR Autoantibodies
inverse agonist and inhibits the constitutive (basal) stimulating activity of the TSHR. Earlier reports on the isolation and characterisation of human monoclonal autoantibodies to the TSH receptor described low affinity antibodies which did not have the characteristics of patient serum TSHR autoantibodies [12] [13] [14] [15] .
Thyroid Stimulating Monoclonal Autoantibodies ▼ The first high affinity human monoclonal autoantibody to the TSHR (M22) was isolated and cloned over 40 years after the initial discovery that thyroid autoantibodies caused the hyperthyroidism of Graves' disease [10] . The source of M22 is a hybridoma prepared from the peripheral blood lymphocytes of a 19 year old hyperthyroid male with Graves' disease and high levels of TSHR autoantibodies (400 U/l as measured by inhibition of TSH binding to the TSHR) [10] . In contrast, the source of the thyroid stimulating autoanti-Introduction ▼ The thyroid stimulating hormone receptor (TSHR) is a major autoantigen in Graves' disease [1] [2] [3] [4] . Autoantibodies to the TSHR with thyroid stimulating activity are the cause of the hyperthyroidism of Graves' disease [1] [2] [3] [4] while the rarer blocking type TSHR autoantibodies can cause hypothyroidism [1] [2] [3] [4] . Patient sera can contain a mixture of both types of TSHR autoantibodies and changes in the overall activity of the TSHR autoantibodies in serum can occur and have been shown to lead to changes in thyroid function [5] [6] [7] [8] [9] . To date 4 high affinity human monoclonal autoantibodies (MAbs) to the TSHR with the characteristics of patient serum autoantibodies have been isolated from the peripheral blood lymphocytes of patients with autoimmune thyroid disease [7, 8, 10, 11] . Two of these autoantibodies (M22 and K1-18) have thyroid stimulating (agonist) activity while the other 2 autoantibodies (K1-70 and 5C9) have thyroid stimulating blocking (antagonist) activity. In addition 5C9 acts as an ▼ The availability of human monoclonal antibodies (MAbs) to the TSHR has enabled major advances in our understanding of how TSHR autoantibodies interact with the receptor. These advances include determination of the crystal structures of the TSHR LRD in complex with a stimulating autoantibody (M22) and with a blocking type autoantibody (K1-70). The high affinity of MAbs for the TSHR makes them particularly suitable for use as ligands in assays for patient serum TSHR autoantibodies. Also, M22 and K1-70 are effective at low concentrations in vivo as TSHR agonists and antagonists respectively. K1-70 has important potential in the treatment of the hyperthyroidism of Graves' disease and Graves' ophthalmopathy. Small molecule TSHR antagonists described to date do not appear to have the potency and/or specificity shown by K1-70. New models of the TSHR ECD in complex with various ligands have been built. These models suggest that initial binding of TSH to the TSHR causes a conformational change in the hormone. This opens a positively charged pocket in receptorbound TSH which attracts the negatively charged sulphated tyrosine 385 on the hinge region of the receptor. The ensuing movement of the receptor's hinge region may then cause activation. Similar activation mechanisms seem to take place in the case of FSH and the FSHR and LH and the LHR. However, stimulating TSHR autoantibodies do not appear to activate the TSHR in the same way as TSH.
Review body K1-18 is a hybridoma prepared from the peripheral blood lymphocytes of a 54 year old patient with hypothyroidism and high levels of TSHR autoantibodies (160 U/l as measured by inhibition of TSH binding to the TSHR) [7, 8] . This female donor had a history of hyperthyroidism followed by hypothyroidism. The patient's serum at the time of blood collection showed both inhibition of TSH stimulated cyclic AMP production and stimulation of cyclic AMP production in TSHR transfected CHO cells (CHO-TSHR) (i. e., had both TSHR agonist and antagonist activity) [7, 8] . Both M22 and K1-18 have high binding affinity for the TSHR; 5 × 10 10 l/mol and 0.7 × 10 10 l/mol, respectively, which is in the range of the receptor binding affinities calculated for Graves' patient serum TRAbs [7, 8, 10, 16] . M22 and K1-18 inhibit 125 I-TSH binding to the TSHR in a dose dependant manner giving 80 and 72 % inhibition at 100 ng/ml and 22 and 21 % inhibition at 10 ng/ ml, respectively. Both M22 and K1-18 effectively inhibit binding of each other and of patient serum TRAbs to the TSHR [7, 8, 10] . Furthermore, both MAbs are potent stimulators of cyclic AMP production at nanogram per ml concentrations with M22 IgG being more effective than K1-18 IgG while both antibodies are full agonists of the TSHR giving the same maximal stimulation of cyclic AMP production as TSH. In an experiment with CHO-TSHR cells, M22 and K1-18 at 10 ng/ml caused a 91.5 × and 45.5 × increase, respectively compared to basal levels of cyclic AMP and at 100 ng/ml the increase was 117.5 × and 113.8 × basal, respectively ( • ▶ Fig. 1) . In contrast, previously reported stimulating human MAbs to the TSHR showed weak stimulation of the TSHR at microgram per ml concentrations. For example TRMo-2 [12] gave a maximum of 2 to 2.3 × basal stimulation at 1.25 to 10 μg/ ml ( • ▶ Fig. 1) . Furthermore, the recombinant thyroid stimulating antibodies B6B7 and 101-2 described by Akimizu et al. [13] gave maximal stimulation of 1.7 × and 2 × basal at optimum concentrations of 30 μg/ml and 15 μg/ml, respectively, similar to the original hybridoma produced IgG. These levels of biological activity are not representative of the potency of patient serum TRAbs. In contrast, purified M22 IgG and K1-18 IgG were 3 000 times and 10 000 times more potent than their respective donor serum IgGs in inhibiting 125 I-TSH binding to the TSHR. These potency figures contrast markedly with those in previous reports of human TSHR autoantibodies. For example, the blocking and the stimulating MAbs described by Valente et al. [14] and Kohn et al. [15] were of similar potency to the donor serum IgG. The TSHR shows amino acid sequence and structural similarities to the other glycoprotein hormone receptors; luteinising hormone receptor (LHR) and follicle stimulating hormone receptor (FSHR) [17] [18] [19] . The glycoprotein hormones TSH, LH and FSH show low level cross reactivity between their native receptors [20] . However, M22 IgG was unable to stimulate cyclic AMP production in either CHO cells expressing the LHR at 20 000 × the molar concentration of human chorionic gonadotropin (hCG) which caused clear stimulation of the LHR [21] . Furthermore CHO cells expressing the FSHR were not stimulated by M22 IgG at 100 × the molar concentration of FSH which caused clear stimulation of the FSHR [21] . K1-18 has also been shown to be unable to stimulate cyclic AMP production in CHO cells expressing the FSHR at 100 × the molar concentrations of FSH causing stimulation or in CHO expressing the LHR at 10 000 × molar concentrations of hCG causing stimulation. Crystal structures of both the M22 Fab and the K1-18 Fab have been resolved to 1.65 Å [22, 23] . The M22 crystal structure shows an N-linked glycosylation site at position Asn26 of the light chain (LC) with 1 molecule of N-acetyl-d-glucosamine linked to it. In contrast to M22, there are no sugar residues associated with the K1-18 Fab structure. The asymmetric unit of the M22 crystal contained a single Fab molecule with an elbow angle of 227.1 ° and for K1-18 the asymmetric unit contained a single Fab molecule with an elbow angle of 169.1 °. The elbow angle arrangements in the M22 structure resulted in M22 heavy chain (HC) protruding farther away from the Fab structure than M22 LC. In contrast the relative positions of the HC and LC in the K1-18 structure are more symmetrical. K1-18 has 41.1 % polar residues and 15.6 % charged residues in the antigen binding region and a similar distribution of polar and charged residues is observed in the M22 structure (41.9 % polar residues and 14.1 % charged residues). The surface of the M22 antigen binding site is dominated by basic patches on one side and acidic patches on the other side ( • ▶ Fig. 2 ). There are also many aromatic residues in the antigen-binding surface. Furthermore the surface of the variable region of M22 is irregular. The combining region of the K1-18 antigen-binding site ( • ▶ Fig. 2 ) is a highly irregular surface dominated by low potential basic patches on one side, acidic patches on the other side and a central positive patch. The surface of K1-18 Fab also contains many aromatic residues, the majority of which are contributed by the HC. In contrast to M22, there are no cavities on the surface of K1-18 ( • ▶ Fig. 2 ). • ▶ Fig. 2 also shows that the antigen-binding sites of the 2 thyroid stimulating human autoantibodies (K1-18 and M22) are mostly hydrophilic with no hydrophobic patches on their surfaces. A crystal structure of the complex of the TSHR leucine-rich repeat domain (LRD) bound to M22 Fab has been solved at 2.55 Å resolution [24] . The TSHR LRD fragment in the structure consists of TSHR amino acids 22-260 (TSHR260). The TSHR260 in the crystal structure forms a slightly curved helical tube with the opposed concave and convex surfaces constructed from leucine-rich repeats (LRRs). The inner surface of the tube is lined with hydrophobic residues. The concave surface of the structure is made up by a 10-stranded beta-sheet while the convex surface is formed by 8 small strands forming beta sheets. All 5 glycosylation sites on the convex surface of the TSHR are glycosylated. The TSHR N-terminal C31 and C41 are disulphide bonded ( • ▶ Fig. 3 ).
Fig. 1
Stimulation of cyclic AMP production in CHO cells expressing the TSHR by thyroid stimulating human monoclonal autoantibodies M22 (■) and K1-18 (•). The effect of TRMo-2 described by Yoshida et al. [12] . are shown as (X) using data taken from [12] . A human monoclonal autoantibody to thyroid peroxidase (2G4; ◊) [80] is shown as a control.
Fig. 2
The antigen binding surfaces of thyroid stimulating monoclonal autoantibodies (K1-18 and M22) and TSHR blocking monoclonal autoantibody (K1-70). The left panels show electrostatic surface potentials (positions of charged residues indicated) while the right panels show hydrophobic surfaces (positions of aromatic residues indicated). Negatively charged patches are shown in red and basic (positively charged) patches in blue. Hydrophilic patches are in yellow and hydrophobic patches in green. The figure was prepared in PyMOL [81] . Reproduced from Figure 1 of Núñez Miguel et al. [23] (Copyright 2012 BioScientifica Ltd).
Fig. 3
Crystal structure of TSHR260 in complex with thyroid stimulating monoclonal autoantibody (M22) Fab (TSHR-M22) and with the TSHR blocking monoclonal autoantibody (K1-70) Fab (TSHR-K1-70). Cartoon diagrams of the complex structures are shown. TSHR is in cyan, light chains are in green and the heavy chains in blue. Disulphide-bonded cysteines are shown as balls and sticks, disulphide bonds are in yellow and cysteine residues are labelled in orange. The N-and C-termini are marked. M22 interactions with TSHR amino acid R255 are marked and shown as balls and sticks. In contrast there are no interactions between K1-70 and amino acid R255 or the C-terminus of the TSHR. Reproduced from Figure Review In the complex, M22 Fab embraces almost the entire TSHR260 concave surface. The TSHR residues from all 10 LRRs present in the structure form interactions with the HC and the LC of M22 Fab. M22 LC combines predominantly with the C-terminus whereas M22 HC combines predominantly with the N-terminus of the TSHR260 concave surface ( • ▶ Fig. 3 ). The area buried in the interface covers approximately 2 500 Å 2 and there is a strong network of interactions including 22 hydrogen bonds and salt bridges, 17 polar interactions, and 14 hydrophobic contacts. The electrostatic surface potential of the TSHR260 concave surface shows predominantly negatively charged patches at the C-terminus and predominantly positively charged patches at the N-terminus. In the complex the negatively charged patch on the surface of M22 combines with the positively charged region at the TSHR260 N-terminus while the positively charged patch of M22 surface combines with the TSHR260 C-terminal negatively charged region ( • ▶ Fig. 4 ).
The binding arrangements in the TSHR260-M22 Fab complex were validated by mutation experiments [25] . In particular, TSHR mutations R80A, E107A, R109A, K129A, K183A, Y185A and R255A had an effect on M22 (but not TSH) stimulating activity and all these TSHR residues were found to form strong interactions with M22 in the solved structure of the complex. In particular, TSHR R255 was found to be critical for stimulation by all thyroid stimulating antibodies (including M22, serum TRAbs and stimulating MAbs produced in animals) but not by TSH. Further validation of the binding arrangements between TSHR260 and M22 Fab was provided by experiments involving amino acid mutations in M22 Fab itself [26] . The binding arrangements between the TSHR and M22 and between the TSHR and human TSH were analysed using the TSHR LRD-M22 complex structure (2.55 Å resolution) and a TSHR LRD-TSH complex built by basing it on the structure of the FSHR LRD-FSH complex (2.9 Å resolution) [24, 27, 28] . In the complexes both TSH and M22 position themselves in a very similar way with respect to the TSHR LRD. Both TSH and M22 embrace almost the entire concave surface of the TSHR LRD with accessible surface areas in the interface of 2 514 Å 2 and 2 533 Å 2 for TSHR-M22 and TSHR-TSH complexes, respectively. However, the network of interactions between the TSHR LRD and M22 is stronger than between the TSHR LRD and TSH and involves a greater number of hydrogen bonds and salt bridges with fewer hydrophobic interactions. Furthermore the gap volume index which is a measure of the strength with which the molecules interact was greater in the TSHR LRD-TSH complex compared to the TSHR LRD-M22 complex indicating that the interactions between the TSHR and TSH are weaker. These observations are consistent with the high binding affinity of M22 for the TSHR compared to the lower affinity of human TSH for the TSHR [1, 20, 22] . Both TSH and M22 interact with residues from all 10 beta strands in the TSHR LRD present in the structure. M22 LC and TSHβ chain form more interactions with the repeats at the N-and C-termini of the LRD than with the central part while M22 HC and TSHα chain interact mostly with the repeats in the central part of the LRD. M22 and TSH have similar electrostatic surface potentials in the areas that interact with the concave surface of the TSHR LRD ( • ▶ Fig. 4 ). Furthermore, M22 HC and TSHα chain residues and M22 LC and TSHβ chain residues interact with the same sets of TSHR LRD residues, respectively. These observations indicate that M22 LC mimics the TSHβ chain in its interactions with the TSHR LRD while M22 HC mimics the interactions of the TSHα chain. This may be an example of molecular mimicry whereby evolutionary mechanisms drive the immune system to develop an autoantibody that can act like a hormone at 2 levels ie molecular interactions with the TSHR and biological activity. However, the nature of such evolutionary mechanisms which may be involved are not yet understood [28] . Review roidism and high levels of TSHR autoantibodies (260 U/l) as measured by inhibition of TSH binding to TSHR coated tubes [11] . Another blocking type human monoclonal autoantibody K1-70 was isolated from the same sample of patient peripheral blood lymphocytes as the thyroid stimulating monoclonal autoantibody K1-18 described above [7, 8] . This proved unequivocally that both stimulating and blocking autoantibodies could exist in the serum of one patient at the same time. K1-70 and 5C9 have similar high binding affinity for the TSHR (4 × 10 10 l/mol) which is in the range of affinities calculated for patient serum TRAbs with blocking activity [7, 8, 11, 16] . K1-70 and 5C9 are able to inhibit binding of 125 I-TSH to the TSHR in a dose dependant manner with K1-70 being more effective than 5C9. Furthermore, K1-70 and 5C9 inhibit binding of each other and patient serum TRAbs to the TSHR [7, 8, 11] . K1-70 and 5C9 are potent inhibitors of TSH stimulation of cyclic AMP production in CHO-TSHR cells [7, 8, 11] and are active at nanogram/mL concentrations. In in vitro experiments K1-70 and 5C9 IgGs inhibited TSH induced cyclic AMP production by 61.6 and 62.3 % at 50 ng/ml and by 86.9 and 81.6 % at 100 ng/ml, respectively. Neither autoantibody showed any stimulating activity over a range of concentrations indicating that both MAbs are pure antagonists. Yoshida et al. [12] have also reported the production of blocking type TSHR MAbs by hybridomas obtained from patient lymphocytes. However, the MAbs they describe are far less potent than K1-70 and 5C9. Also, blocking type MAbs produced by patient peripheral blood lymphocytes [29] and expressed as recombinant IgGs have been described [30] . However, they had low affinity for the TSHR, inhibited TSH binding weakly or not at all and were weak blockers of TSH stimulated cyclic AMP production (e. g., 100 μg/ml IgG gave 67 % inhibition [30] ). Another laboratory has reported the isolation of B cell lines producing IgGs with weak TSH blocking activity but these IgGs were unable to inhibit TSH binding to the receptor [31] . Consequently, these antibodies did not resemble K1-70 or the blocking type TSHR autoantibodies usually found in patient sera. K1-70 and 5C9 IgGs are potent inhibitors (Ic50 25 ng/ml; 175 pM) of the stimulation of cyclic AMP production by Graves' patient sera [7, 8, 11] . The stimulating activity of 15/15 sera tested was reduced to near unstimulated levels in the presence of K1-70 IgG in one study [8] . In the same study, 5C9 IgG inhibited stimulation by 14/15 of the sera to near unstimulated levels and had no effect on 1/15 sera [8] . In a second study (with different sera), 5C9 was able to inhibit the stimulation of cyclic AMP production by 15/16 Graves' patient sera to near unstimulated levels, however, in the case of serum from the one patient not inhibited to near unstimulated levels by 5C9 the inhibition was about 50 % [11] . This is in agreement with previous studies suggesting that although stimulating autoantibodies in different patient sera interact with the same region of the TSHR there are differences in the actual contact amino acids involved [7, 8, 11, 25] . Therefore, although K1-70 and 5C9 are effectively able to inhibit binding of one another to the TSHR these results suggest that there are subtle differences in the epitopes on the TSHR recognised by the 2 monoclonal antibodies. The human monoclonal autoantibody 5C9 is able to reduce the basal constitutive activity of the TSHR giving 71 % inhibition of basal levels of cyclic AMP production in TSHR-CHO cells at 1 μg/ ml. In contrast K1-70 has no effect on the constitutive activity of the TSHR [11] . The antibody 5C9 was also able to reduce the constitutive activity of TSHRs with activating mutations S281I (in the TSHR extracellular domain), I568T (extracellular loop 2) and A623I (intracellular loop 3) by 60, 74, and 43 %, respectively, at 1 μg/ml [2, 3, 11] . Higher concentrations of 5C9 IgG up to 100 μg caused no further decrease in basal cyclic AMP levels in these experiments. A detailed comparison of 5C9 and K1-70 is shown in • ▶ Table 1 .
Blocking Type Monoclonal Autoantibodies
Both the TSHR blocking monoclonal antibodies (5C9 and K1-70) were highly specific for the TSHR and showed no inhibition of FSH induced stimulation of cyclic AMP production in CHO cells expressing the human FSHR at 0.01 to 100 μg/ml of IgG. Furthermore they showed no inhibition of LH induced stimulation of cyclic AMP production in CHO cells expressing the LHR at 0.01 to 100 μg/ml of IgG. Therefore, similar to M22, K1-18 and patient serum TRAbs they showed no cross reactivity with the FSHR or LHR. The crystal structure of K1-70 Fab was determined at 2.22 Å resolution [32] . Each crystal unit consists of 2 Fab molecules which have different structures (i. e., are not symmetrical) because of different elbow angles (145.5 ° and 163.1 °) [32] . The structure of K1-70 is that of a standard Fab fragment with no glycosylation. There are 40.4 % polar residues and 14.6 % charged residues on the antigen binding site surface similar to that observed for the structures of the stimulating autoantibodies K1-18 and M22 [32] .
The surface of the K1-70 antigen binding site ( • ▶ Fig. 2 ) is dominated by acidic patches on one side and basic patches on the other. The surface of K1-70 Fab also contains aromatic residues. The surface of the combining site is highly irregular with a cavity at the centre surrounded mostly by aromatic residues. The 5C9 Fab fragment structure was modelled [2] and this showed that 5C9 was a typical Fab structure. However, the HC CDR 3 of 5C9 is 18 amino acids long and is expected to protrude outward from the V domain. It contains a 3 amino acid insertion and a 6 amino acid insertions between the V/D and D/J regions, respectively. It also contains the CX4C motif of the D2-2 germline in which the 2 cysteine residues form an internal disulphide bond for loop stability. The electrostatic potential surface of 5C9 is mainly positive with only a small negative patch centred on Asp61 (HC). The antibody 5C9 has few charged amino acids (5 residues) and 8 aromatic residues in its combining site therefore most of the combining surface has an overall low electrostatic potential ( • ▶ Fig. 5 ). Overall the electrostatic potential surface of 5C9 is less charged than K1-70 and the HC CDR 3 protrudes further out of the combining surface and these differences in the topography of its antigen binding site may be related to the ability of 5C9 to block TSHR basal activity [2, 3, 11] . The TSHR260-K1-70 Fab complex structure was solved at 1.9 Å resolution [32] compared to the 2.55 Å resolution for the TSHR260-M22 Fab structure. The higher resolution of the TSHR260-K1-70 Fab complex revealed the disulphide bonding arrangement at the TSHR N-terminus in that C24 is bonded with C29 and C31 is bonded with C41. Consequently in the TSHR the 1 st and the 2 nd cysteines and the 3 rd and the 4 th cysteines are bonded and form the N-terminal cap of the LRD. These arrangements are different to those in the FSHR [27] . The binding arrangements between the TSHR260 and K1-70 Fab are remarkably similar to those with M22 (and TSH) ( • ▶ Fig. 3 ).
However, K1-70 Fab is positioned more N-terminally on the TSHR LRD than M22 Fab and is bound at an approximate rotation of 155 ° with respect to the position of M22 Fab. Furthermore the orientation of K1-70 and M22 Fab HCs and LCs are opposite ( • ▶ Fig. 3 ). The area buried in the K1-70 Fab binding interface with TSHR260 covers 2 565 Å 2 and this is similar to that observed This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
Review for M22 and for TSH in complex with the TSHR. There are 25 hydrogen bonds and salt bridges, 19 water-mediated hydrogen bonds, 11 polar interactions and 19 hydrophobic contacts in the K1-70-TSHR complex. The electrostatic potential surface of the interacting faces of TSHR260 and K1-70 Fab shows polarity in terms of charge distribution. In the complex, the TSHR260 areas with predominantly negative charge combine with the positively charged areas on the K1-70 LC binding surface and the positively charged area on TSHR260 combines with the negative patches on the K1-70 HC surface. The charge contributions from the HC and LC on the antigen binding surface of M22 are opposite [23, 24, 32] . K1-70 Fab binds more towards the N-terminus of the TSHR260 concave surface than M22 Fab with the K1-70 interactions occurring between TSHR D36 and D203. In contrast, M22 Fab interactions span the entire concave surface between TSHR D36 and N256 [23, 24, 32] . K1-70 Fab interacts with TSHR residues from LRR 1-7 and there is only one interaction with repeat 8. In contrast, M22 Fab interacts with residues from LRR 1-10 [23, 24, 32] .
Mutation experiments validated the binding arrangements observed in the TSHR260-K1-70 complex. In particular, TSHR mutations K58A, I60A, E61A, Y82A, R109A and K183A had an inhibiting effect on K1-70's ability to block TSH stimulation of cyclic AMP production in CHO-TSHR cells in agreement with the interactions with K1-70 observed in the structure [32] . Furthermore, mutation of K1-70 HC W97A and HC N100A, LC R94D, HC Y99A and HC N32A seen to be involved in the interactions with the TSHR260 in the crystal structure, resulted in the loss of the ability of K1-70 Fab to inhibit TSH-induced stimulation of cyclic AMP production [32] .
Similarities and Differences Between Stimulating and
Blocking MAbs ▼ Human TSHR MAbs we have isolated to date are characterised by high binding affinity for the TSHR and both the stimulating and with the receptor. The overall binding arrangements between the TSHR and the stimulating and blocking autoantibodies and TSH itself show remarkable similarities. All the ligands interact with large areas of the concave surface of the TSHR LRD. There are, however, differences in the type of interactions; both types of autoantibodies produce a greater number of hydrogen bonds and salt bridges than TSH while there are fewer hydrophobic interactions than TSH [24, 28, 32] . There are striking similarities in the way M22 HC and LC mimic binding of TSHα and β chains to the receptor [24, 28] . TSH and the stimulating MAb M22 bind to the residues from all 1-10 LRR present in the structure. In contrast K1-70 does not interact with the residues in the 9 th and 10 th LRR with only one interaction in the 8 th repeat. The arrangements observed in the solved structures or the TSHR-TSH model were confirmed by studying the effect of TSHR amino acid mutations on the activity of the ligand ( • ▶ Table 2 and • ▶ Fig. 6 ). This analysis revealed that as many as 17 TSHR residues in the centre of the concave face of the LRD interact with both the stimulating MAb M22 and the blocking MAb K1-70 [28] . Analyses of the crystal structures of the TSHR LRD in complex with both M22 and K1-70 [24, 32] and the model of the TSHR LRD in complex with TSH [28] showed that several patches with a similar charge (a positive patch surrounded by a circular negative patch) can be identified on the electrostatic potential surfaces of the 3 ligands (M22, K1-70 and TSH). These interact with their complementary charged patches on the concave surface of the TSHR LRD [23] and such observations were used to predict the relative positions of the binding of K1-18, RSR-B2 and 5C9 with respect to the concave surface of the TSHR LRD. The predicted positions were validated by assessing the effects of TSHR amino acid mutations on the biological activities of RSR-B2, K1-18 and 5C9 ( • ▶ Table 2 ). Analyses of predictive binding of K1-18 to the TSHR [23] suggest that the antibody binds to a similar area on the TSHR LRD as the stimulating MAb M22 but is rotated by approximately 190 ° about an axis perpendicular to the concave surface of the TSHR LRD. In this arrangement the K1-18 LC interacts with an area on the TSHR similar to the area that interacts with M22 HC and the K1-18 HC binds to a region on the TSHR that forms interactions with M22 LC. Both, M22 and K1-18 interact with almost the whole concave surface including the C-terminal region of the TSHR LRD. In the model of the RSR-B2-TSHR complex [23] , the blocking MAb RSR-B2 interacts with a similar region on the TSHR LRD as the blocking MAb K1-70 but is rotated by approximately 150 ° about an axis perpendicular to the concave surface of the TSHR LRD. RSR-B2 does not interact with the C-terminal region of the TSHR LRD in the model and this is similar to the binding arrangements of K1-70 with the TSHR LRD seen in the crystal structure. In the model of 5C9 binding to the TSHR LRD, 5C9 is predicted to interact with all repeats of the LRD. Also 5C9 may interact with a region of the C terminus of the concave surface of the TSHR LRD, around Glu251.
The antibody 5C9 has a very long CDR H3 that protrudes from its antigen binding site and this may interact with the lateral surface (surface between the concave and convex surfaces) and/or the convex surface of the TSHR LRD. This observation was supported by experiments with TSHR mutation Glu178Ala (located in the lateral surface of the LRD) that reduced the ability of 5C9 to block stimulation of the TSHR by TSH [11] . TSHR residue mutations that affect the activity of K1-18, RSR-B2, 5C9, and TSH are located within areas of the receptor where the models show the ligands bind. The observed interactions in the M22-TSHR LRD and K1-70-TSHR LRD complexes (crystal This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited. 
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* Denotes amino acids identified in the crystal structures which when mutated affect the activity of the K1-70 or M22 or denotes the amino acids identified in the comparative model which when mutated affect the activity of TSH [11, 23-25, 28, 32] RSR-B2 is a mouse monoclonal antibody to TSHR This document was downloaded for personal use only. Unauthorized distribution is strictly prohibited.
Review structures) [24, 32] the TSH-TSHR LRD (comparative model) [28] and the K1-18-TSHR LRD and RSR-B2-TSHR LRD (predictive binding) [23] and mutational studies suggest that stimulating TSHR ligands tend to interact with the whole concave surface of the TSHR LRD, whereas blocking type TSHR ligands do not interact with the last C-terminal repeats of the TSHR LRD. In contrast, the inverse agonist antibody 5C9 is predicted to bind to repeats 1-10 of the TSHR LRD including the C terminus but interacts differently to the stimulating autoantibodies and is likely to interact with the lateral and convex surfaces of the TSHR LRD [23] . The actual mechanisms by which TSHR autoantibodies like 5C9 cause inverse agonism are not known at present. However, data obtained from the crystal structure, mutation studies and modelling of K1-70 and 5C9 suggest that although the binding sites overlap on the concave surface of the TSHR subtle differences in the contact amino acids may lead to subtle differences in the resulting conformation changes which most probably define different functional effects on TSHR activity. A summary of the properties of human MAbs to the TSHR is shown in • ▶ Table 1 .
As described above, our human MAbs to the TSHR have the characteristics of patient serum TRAbs. Consequently, the molecular details of K1-18 and M22 interactions with the TSHR LRD may well reflect the interactions of thyroid stimulating autoantibodies in general with the TSHR. Similarly, K1-70 and RSR-B2 interactions with the TSHR LRD may reflect binding characteristics of TSHR blocking type autoantibodies in general.
Applications of TSHR MAbs in in Vitro Diagnostics
▼ TSHR MAbs are useful reagents in improved methods to detect TRAbs in test samples and as reference preparations for measurement of TRAb concentration and bioactivity.
The first generation TRAb assay developed in the early 1980s was based on the ability of TRAbs in test sera to inhibit binding of radiolabelled TSH to detergent solubilised TSHR preparations with the labelled TSH-TSHR complexes precipitated with polyethylene glycol [41] . These first generation assays are still widely used but they are technically demanding and require centrifugation and use of radioactive material. The first generation assays detect TRAbs with a sensitivity of about 2 IU/l of International Standard NIBSC 90/672 ( • ▶ Fig. 7 ) [42] . A key improvement for the assay was dependent on the development of high affinity MAbs which could be used to immobilize detergent solubilised TSHRs on plastic surfaces in such a way that the immobilised receptor still bound TSH and TRAb. In some of these 2 nd generation assays a monoclonal antibody to the TSHR C-terminus is employed to immobilise the receptor on the surface of a plastic tube or an ELISA plate well. Patient serum TRAb bind to the immobilised TSHR and the tubes (or plate wells) are washed prior to adding labelled TSH. In 2 nd generation assays TSH can be labelled with 125 I, with a chemiluminescence reagent, or with biotin. In a widely used ELISA, TSH-biotin bound to the TSH receptor immobilised on ELISA plate wells is detected using streptavidin peroxidase. The ability to carry out an extensive pre-incubation of test sera with immobilised receptor and a wash step prior to addition of labelled TSH allowed improvement in sensitivity to about 1 IU/l of NIBSC 90/672 [42] . The 3 rd generation assays have a similar format to the 2 nd generation assays except that TSHR MAb M22 is used instead of TSH. The assays based on inhibition of M22 binding show improved sensi- Fig. 6 The concave surface of the TSHR LRD shown in spacefill format. TSHR residues that interact with thyroid stimulating human monoclonal autoantibody M22 and the residues that interact with the TSHR blocking human monoclonal autoantibody K1-70 are indicated in green and yellow respectively. The 17 TSHR residues that interact with both M22 and K1-70 are shown in light grey. Reproduced from Figure 6 of Sanders et al. [32] (BioScientifica Ltd). Review tivity allowing detection of as little as 0.4 IU/l of NIBSC 90/672 ( • ▶ Fig. 7 ) [42] .
The advantages of 3 rd generation assays are related to the special features of M22 binding to the TSHR. In particular, labelled M22 IgG does not dissociate readily once bound to the TSHR coated onto plastic surfaces even in the presence of excess, unlabelled M22 IgG. In contrast, labelled TSH dissociates from the TSHR after addition of unlabelled M22 IgG or unlabelled TSH relatively quickly [16] . The blocking human MAb K1-70 shows similar properties to M22 and therefore both types of human MAbs can be used in assays for TRAbs. These dissociation characteristics are of particular advantage in the automated TRAb assays that require the ligand to remain bound during stringent washing steps [43] . Also, the high affinity of M22 (or K1-70) for the TSHR allows very small amounts of TSHR to be used, thus improving assay sensitivity. One of the important goals in antibody measurements is to harmonize the results obtained from different assay formats available from different manufacturers. TSHR MAbs also have potential applications in the detection of TSHR in tissue sections by immunohistochemistry. Biotinylated M22 or K1-70 showed strongly positive staining at the basal and lateral surfaces of thyroid epithelial cells consistent with the presence of the TSHR at these locations. The intensity of the reaction ranged from minimal specific positive staining at 0.078 μg/ml, mild specific positive staining at 0.313 μg/ml, moderate at 2.5 μg/ml and heavy at 10 μg/ml. The stimulating MAb M22 and the blocking MAb K1-70 showed very similar reactivity to the TSHR by immunohistochemistry in agreement with the similarities in binding characteristics of these antibodies to the TSHR. There was no specific staining with a panel of human control tissues. Highly specific binding of M22 and K1-70 at low concentrations to the TSHR expressed in human thyroid tissue suggests that these MAbs when appropriately labelled are likely to be useful for in vivo imaging as well.
Applications for TSHR MAbs in Vivo and Comparison with Small Molecule TSHR Agonists and Antagonists
▼ There has been a steady increase in antibody drug use in clinical practice in recent years. A large proportion of those currently on the market are mouse (or rat) antibodies or are derived from animal antibodies by molecular engineering to reduce immunogenicity and improve pharmacodynamic profiles. Molecular engineering includes creating chimeric antibodies wherein the mouse variable regions are transplanted onto a human immunoglobulin scaffold or humanised antibodies wherein only the animal CDRs are grafted onto a human immunoglobulin [44] [45] [46] . However, the most desirable in clinical practice are fully human antibodies due to their likely better pharmacokinetic/pharmacodynamic profiles and potentially low immunogenicity [44] [45] [46] . The ability of M22 and K1-70 to bind to human thyroid sections even at low concentrations as shown in immunohistochemistry studies [3, 47] suggests that the 2 MAbs could be used for imaging in vivo of the thyroid, thyroid cancer and thyroid cancer metastases. In addition the MAbs could be used to deliver radionuclide or chemotherapeutic drugs to tissues containing the TSHR. The blocking MAb K1-70 would be of advantage over M22 in these applications as its use would avoid any potential stimulation of thyroid cancer tissues. However, the potent stimulating activity of M22 is potentially an advantage as an alternative to recombinant human TSH for stimulating the TSHR in in vivo diagnostic procedures in patients with thyroid cancer [48] . The potent thyroid stimulating activity of M22 has been demonstrated in vivo in experimental animals with single intramuscular injections of increasing doses of M22 IgG (2, 4 and 10 μg per animal) into T3-supressed rats causing dose dependent increases in serum total and free T4 levels. The effect was detectable as soon as 4 h post injection of 10 μg M22 with maximum T4 levels seen at 24 h post injection followed by a slow decrease up to 120 h [47] . Thyroid sections from the dosed animals showed evidence of thyroid cell hypertrophy consistent with the stimulating effect of M22 [47] . Although in vivo effects of M22 on radioiodine uptake have not been studied as yet low doses of M22 would be expected to act as a powerful, fast and long acting thyroid stimulator in humans. This may provide improvements in the management of thyroid cancer whereby only one injection of M22 would be sufficient for adequate stimulation of TSHR expressing tissues instead of 2 injections of recombinant human TSH on consecutive days as in current protocols [48] . However, the relatively slow dissociation rate of M22 from the TSHR compared to TSH needs to be considered [16] . Furthermore, M22 may be useful in strategies for improving the effectiveness of 131 I therapy in patients with thyroid nodular disease [49] [50] [51] . Current therapeutic options for Graves' disease are targeted at the ability of thyroid cells to produce thyroid hormones and include prolonged treatment (over several months or longer) with antithyroid drugs, total thyroidectomy or destruction of the thyroid gland with radioactive iodine [52] [53] [54] [55] . TRAbs with TSHR blocking activities are "natural" inhibitors of TSHR stimulation by both stimulating TRAbs and TSH and could be used to control thyroid overactivity in Graves' disease and in other patients who would benefit from blocking TSHR stimulation. A single intramuscular injection of 200 μg of K1-70 into rats caused a decrease of serum total and free T4 levels to those observed in T3 supressed animals. This complete decrease in serum T4 levels was evident at 24 h post injection [47] . Further, the ability of K1-70 to inhibit the effect of thyroid stimulation by M22 in vivo could be shown. In these experiments rats were made hyperthyroid by injection of M22 (4 μg per animal) at time 0 h followed by injection of K1-70 at different doses at 24 h ( • ▶ Fig. 8a) Review decreasing the elevated serum T4 levels stimulated by different doses of M22 (4, 10, 20 and 40 μg per animal) ( • ▶ Fig. 8b, c) .
K1-70
IgG at a single dose of 100 μg was effective at inhibiting thyroid stimulating activity of M22 at all doses studied in vivo with rapid (within 12 h) decrease in serum T4 levels. The decrease in serum T4 levels was complete, that is, to the levels observed in T3 supressed animals. Measured TRAb concentrations in Graves' sera usually range from 50 to 500 ng/ml although in exceptional patients they may reach 3 000 ng/ml [16] . M22 rat serum concentrations 24 h after injection of 4-40 μg M22 IgG ranged from 300-2 200 ng/ml corresponding well with the TRAb levels observed in Graves' patients. In in vivo experiments, a single 100 μg dose of K1-70 IgG was effective in blocking the biological effect of the same M22 concentrations as those observed for TRAbs in Graves' sera. It would be expected that a single dose of approximately 10 mg of K1-70 IgG would be sufficient to counteract the effects of TSHR stimulating autoantibodies in the majority of patients with Graves' disease. The effects of "natural" thyroid stimulating or blocking MAbs can be compared with the effects of small molecule TSHR agonists and antagonists. The small molecule TSHR agonists and antagonists are designed to act on the TSHR transmembrane domain (TMD) as the TSHR ECD is not a suitable target due to the extensive hormone-receptor interface (see above). The small molecule TSHR candidate drugs act via an allosteric modulation mechanism, that is, cause changes in conformation of the receptor's transmembrane helices, and/or extracellular loops. It is proposed that one of the interactions involved in activation of GPCRs is dependent on polar interactions between the TMD helices forming an "ionic lock" [56, 57] . An antagonist would stabilize the "ionic lock" and prevent signalling while an agonist would destabilise the "ionic lock" and allow for the signal transduction. Due to a high level of sequence and structural homology among the GPCRs small molecules acting in this way may show unexpected cross-reactivities with other receptors or enzymes. However, recent phase 1 clinical trials with small molecule LHR agonists have not highlighted specificity concerns albeit these drug candidates were used for a short time and had short elimination half-lives (up to 47 h) [58] . Small molecules which target the TSHR do not appear to have progressed from early development to clinical trials due to unwanted effects on the FSHR and the LHR at the concentrations needed to be effective for the TSHR [59] . Further developments have produced full agonists with a potency expressed as Ec50 value in the range of 660 nmol/l (Compound 1) or 40 nmol/l (Compound 2) and with no detectable reactivity with the FSHR or LHR being reported [60] . Doses of 0.5 mg administered intraperitoneally or 2.5 mg orally of Compound 2 were reported to increase serum T4 levels in experimental animals [60] . In contrast, microgram doses and serum concentrations of only 1-2 nmol/l of the stimulating MAb M22 effectively increased T4 levels in rats [47] .
The small molecule TSHR antagonist (ANTAG3) described recently showed an ability to lower serum T4 levels in mice [61] with a half-maximal inhibiting effect on the TSHR in vitro at approximately 2 μmol/l concentrations. ANTAG3 also inhibited LHR and FSHR activities at higher concentrations (approximately 30 μmol/l). In these experiments, ANTAG3 was administered to mice by continuous intraperitoneal infusion for 3 days at 2 mg/ day together with TRH at 2.4 μg/day. Also the effect of ANTAG3 (at 2 mg/day infusion for 3 days plus additional 2 mg injection) Review on thyroid stimulation by M22 in vivo was studied. ANTAG3 lowered TRH stimulated free T4 levels by 44 % and lowered M22 stimulated free T4 levels by 38 % [61] . The reported in vivo potency of ANTAG3 and the relatively high concentrations needed for an effect suggest limited suitability of this antagonist for clinical applications [57] . In contrast, a single 100 μg dose of K1-70 injected intramuscularly into rats caused rapid decrease in T4 levels to those seen in T3 supressed animals. This complete decrease of T4 levels corresponded to rat serum K1-70 concentrations of only 40 nmol/l [47] . Neither M22 nor K1-70 had an effect on FSHR or LHR activity in vitro when tested at 15-30 times higher molar concentrations than were effective on the TSHR in the in vivo experiments. There are key differences between the small molecule TSHR agonists/antagonists and our TSHR MAb drug candidates ( • ▶ Table 3, 4) . Although some small molecule TSHR agonists and antagonists, (described to date) are effective or partially effective at nmol/l concentrations in vitro some are potent only at higher concentrations. Furthermore, they have detectable crossreactivity with the FSHR and LHR or may have cross-reactivity with as yet untested receptors or enzymes especially at the high doses needed to be effective in vivo [57] . In contrast, "natural" TSHR agonist (M22) and antagonist (K1-70) are completely (100 %) effective in vivo at single μg doses and nmol/l serum concentrations and are highly specific for the TSHR. Furthermore, in patients with Graves' disease or patients with blocking type TSHR autoantibodies, there is no evidence of an effect of TSHR autoantibodies on other receptor/enzyme systems. The high TSHR specificity and the potent in vivo activity of M22 and K1-70 suggests that these MAbs have considerable potential in clinical applications and the clinical potential for M22 has been discussed above. Important potential clinical applications of K1-70 are in controlling Graves' disease including challenging clinical situations such as thyroid crisis when effective and fast acting interventions to decrease serum levels of thyroid hormones are essential [54, 62] . Also K1-70 would potentially be of considerable benefit in patients who are intolerant of antithyroid drugs. Furthermore, in patients with toxic nodular goitre K1-70 would help to reduce thyroid hormone levels before radioiodine treatment takes effect. In pregnant women with Graves' thyrotoxicosis, treatment with K1-70 Fab would control the symptoms in the mother without affecting the foetal thyroid as antibody Fab fragments do not cross the placenta unlike the intact IgGs. Another potential application for K1-70 is in controlling hyperthyroidism caused by autonomous secretion of TSH by pituitary adenomas. The management of Graves' ophthalmopathy remains a great challenge. Recent evidence from several studies strongly supports the involvement of the TSHR in the pathogenesis of Graves' orbitopathy [63] [64] [65] . Furthermore, it has been demonstrated that M22 has the ability to activate TSHRs expressed in orbital tissues via standard activating pathways including the phosphoinositide 3-kinase pathway [66] . Consequently, K1-70 would be expected to have a blocking effect on the activity of the TSHR in orbital fibroblasts/adipocytes. Current treatment strategies in patients with Graves' ophthalmopathy include use of glucocorticoids, orbital irradiation and surgical decompression and in many cases are unsatisfactory [67, 68] . Of the new approaches, Rituximab acting on B-lymphocytes has shown some promising results in clinical trials [69, 70] . However the ability of K1-70 to block the activity of the TSHR specifically and at low doses suggests it would be of considerable benefit in controlling the development and progression of Graves' eye disease. Furthermore, it should do so without the side effects of nonspecific therapies such as steroids and/or Rituximab. 
▼
Glycoprotein hormones (GPHs) and glycoprotein hormone receptors (GPHRs) in different species are glycosylated although the number of the attached glycans and sugar residues vary between different hormones, different receptors and among species. We have analysed the glycosylation site candidates in the amino acid sequences of GPHs and GPHRs from different species. In all, 62 amino acid sequences of glycoprotein hormone α subunits, 68 of FSH β subunits, 85 of LH β subunits, 9 of CG β subunits and 40 of TSH β subunits were studied. Also 34 amino acid sequences of FSH receptor ectodomains (ECDs), 24 of CG/LHR ECDs and 19 of TSH receptor ECDs were studied. From the analysis we were able to identify glycosylation site candidates on the hormones corresponding to n = 15 equivalent positions in the amino acid alignments and glycosylation site candidates on the receptors corresponding to n = 28 equivalent positions in the alignments [71] . In addition, the study showed that some amino acid sequences of the FSHR of fishes lack the first and third Cys of their N terminus, the second Cys is conserved in all sequences studied while the fourth Cys is absent in one fish [71] . A disulphide connection of the fourth Cys (Cys41) of the TSHR with any of the other 3 cysteines appears to be crucial for TSHR trafficking to the cell surface and maintaining high affinity binding for TSH, while a second disulphide bond may not be essential [72] . Also, it has been reported that a full response of the TSHR to stimulation by TSHR autoantibodies requires Cys41 to be disulphide bonded with Cys29 or Cys31, but not with Cys24 [72] . We observed that the FSHR sequences of fishes are shorter than in tetrapods and some of the fishes also lack the tyrosine that in the human sequence (Tyr385) is sulphated [71] . Furthermore, the amino acid sequences of the LHR of 2 birds and 7 fishes have longer hairpin loops than the human sequence whereas the common marmoset (primate) has only an 8 residues long hairpin loop and lacks the 2 cysteines flanking the loop. The 2 cysteines in the long hairpin loop are probably disulphide bonded in order to avoid disruption of the structure of the hinge region. However a disulphide bond is probably not needed for this purpose in an 8 residues long loop [71] ; explaining the absence of flanking cysteines in the marmoset sequence. Glycosylation site candidates were mapped on a molecular surface representation of a model of the structure of the TSH-TSHR ECD complex (see below). Two areas on the surface of TSH and 4 areas on the surface of the TSHR that are free from glycosylation and that are not involved in currently known interactions observed in crystal structures or reliable comparative models were identified. The first area on the hormone free from glycosylation corresponds to the loop βL3 and part of the beta 3 strand and beta 4 strand of the β subunit, and the second area corresponds to the loop αL1 and part of the beta 1 strand and beta 2 strand of the α subunit [71] . Experimental evidence such as single point and deletion/mutation studies, in vitro analyses of pathogenic germline mutations and crystal structure analyses suggest that the equivalent non-glycosylated areas on the hormones and the receptors are likely to be involved in various interactions. Consequently, these non-glycosylated areas are candidates for additional (currently unknown) contacts between the receptors and their cognate hormones.
Modelling of the TSHR ECD and the CG/LHR ECD

▼
The structural detail available from the crystal structure of FSH in complex with the entire FSHR ECD (aa 18-359) [73] has allowed us to build comparative models of: the entire TSHR ECD (aa 24-411); the TSHR ECD in complex with TSH; the LHR ECD in complex with LH and CG; and the TSHR ECD in complex with TSHR monoclonal autoantibodies. These models permit the Review study of interactions beyond the LRD and possible ligand induced activation mechanisms [74] . Initial models of the structures of the TSH-TSHR ECD, the LH-LHR ECD and the CG-LHR ECD complexes were predicted by comparative modelling based on the crystal structure of the FSH-FSHR ECD complex [73] . Then, the atomic coordinates of TSHR residues 24-255 from the initial model of the TSH-TSHR ECD were replaced by the atomic coordinates of the same residues from the crystal structure of the TSHR LRD from the K1-70-TSHR LRD complex [32] , after coordinate superimposition. The comparative model of the structure of the TSHR ECD is composed of a crystal structure of TSHR residues 24-255 and a comparative model of TSHR residues 256-411. The structure of the TSH-TSHR ECD complex is highly similar to that of the FSH-FSHR ECD complex ( • ▶ Fig. 9a ). Differences are observed in the disulphide connections at the N termini and the sulphated tyrosines in the amino acid sequence alignment are not equivalent. Tyr335 is sulphated in the FSHR and Tyr385 is sulphated in the TSHR which is equivalent to FSHR Phe333. The structures of the LH-LHR ECD and the CG-LHR ECD complexes were not modified further due to unavailability of crystal structures of the complexes but both are highly similar to that of the FSH-FSHR ECD complex. The disulphide connection at the N-terminus of the LHR is probably similar to that of the FSHR based on the amino acid sequence alignment, whereas the sulphated tyrosine of the LHR is equivalent to that of the TSHR. The structure of the TSHR ECD shows in addition to the 10 LRRs observed in the crystal structures of the LRD [24, 32] , 2 additional repeats, an α helix at the convex segment of repeat 11 and a long and unstructured hinge loop (H-loop) that include the approximately 50 residues segment that is cleaved out during TSHR processing.
Modelling of the Complexes of M22-TSHR ECD and K1-70-TSHR ECD ▼ For modelling of the structures of the TSHR in complex with TSHR autoantibodies [74] , superimposition of coordinates of the TSH-TSHR ECD model with both the M22-TSHR LRD [24] and the K1-70-TSHR LRD [32] crystal structures were performed initially. In the case of the thyroid stimulating antibody M22, the atomic coordinates of the TSHR residues 30-255 and TSH, from the model of the TSH-TSHR ECD, were replaced by the atomic coordinates of the equivalent TSHR residues and M22, respectively, from the crystal structure of the M22-TSHR LRD complex ( • ▶ Fig. 9b ). In the case of the blocking antibody K1-70, the atomic coordinates of TSH, from the model of the TSH-TSHR ECD, were replaced by the atomic coordinates of K1-70 from the crystal structure of the K1-70-TSHR LRD complex ( • ▶ Fig. 9c) .
The models show that stimulating antibody M22 binds to the whole concave surface of the TSHR LRD and contacts LRR 1 to 12, the hairpin loop of the hinge region and the C terminus of the TSHR ECD. The blocking antibody K1-70 binds to part of the concave surface of the TSHR LRD and contacts LRR 1-8 while it does not contact the hinge region or the C terminus.
Proposed Mechanism of TSHR Activation by TSH and M22
▼ The models of the structures of the TSH-TSHR ECD and LH-LHR ECD complexes based on the FSH-FSHR ECD crystal structure predict that the activation mechanisms of the 3 glycoprotein hormone receptors by their cognate hormones are likely to be similar. The crystal structure of the FSH-FSHR ECD complex [73] is in the active state, as the hormone is bound. Therefore, the models of the structures of the TSH-TSHR ECD and LH-LHR ECD represent their active states. The first step in a proposed activation mechanism is the hormone contacting LRR 1-10 of the receptor LRD followed by conformational modifications of the hormone in the βL2 loop, that opens the hormone sulphatedtyrosine binding pocket ( • ▶ Fig. 10a, b) . Then, the receptor's negatively charged sulphate on Tyr385 is attracted by the positively charged sulphated-tyrosine binding pocket on the hormone causing the receptor's hinge loop to move towards the hormone ( • ▶ Fig. 10c, d) . This hinge loop movement may modify the positions of the convex segments of LRRs 10 and 11 relative to each Fig. 9 Comparative models. a The TSH-TSHR ECD complex (conformational arrangements show a final stage in the proposed activation mechanism when sulphated Tyr 385 is bound to the hormone; see • ▶ Fig. 10d ). b The M22-TSHR ECD complex. c The K1-70-TSHR ECD complex. The TSHR ECD is shown in cyan, the hormone α subunit is shown in olive and β subunit in orange. Antibody light chains are shown in green and heavy chains in blue. The N-and C-termini of the TSHR ECD, disulphide bonded cysteines and the TSHR sulphated Tyr385 are marked. Reproduced with permission of the copyright holder, RSR Ltd.
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other. We propose that the convex segments of LRRs 10 and 11 may be in contact with the extracellular loops of the TMD. Consequently, the change in position of LRRs 10 and 11 caused by the hinge loop movement may affect the conformations of the extracellular loops of the TMD and transmit the activation signal to the TMD [74, 75] . TSHR Ser281, which has been implicated in receptor activation [76] , is at the edge of the convex segment of repeat 11 consistent with a role in the activation process. The models described here suggest that activation of the TSHR by TSH, the FSHR by FSH and the LHR by LH are likely to proceed by similar mechanisms [73] [74] [75] . However, it has been proposed [77] that activation of the LHR by CG proceeds by a slightly different mechanism than activation by LH. Coexpression of signalling-deficient LHR and binding-deficient LHR was used to examine the mechanisms of receptor activation by CG and LH. CG signalling was partially restored (transactivation), whereas LH signal could not be restored (no transactivation) [77] . In a different study, Jaesche et al. [78] produced TSHR chimeras by substituting the TSHR hinge region with the hinge regions of FSHR or the LHR and concluded that the hinge region of the GPHRs are exchangeable for human TSH signalling however the superagonistic activity of bovine TSH is dependent on the hinge region of the TSHR. In addition, Schaarschmidt et al. [79] have highlighted the importance of the hinge region of the GPHRs, sulphated tyrosine and signalling relevant serine (TSHR S281, FSHR S273, LHR S277) for ligand specific binding and activation. It has been observed experimentally that sulphation of TSHR Tyr385 does not affect receptor activation by the stimulating autoantibody M22. The model of the structure of the M22-TSHR ECD complex does not predict interaction between the sulphated Tyr385 and M22. The surface of M22, which could potentially be in contact with the negatively charged sulphated-Tyr385, is not charged, whereas the surfaces of FSH, LH and TSH that contact the sulphated-Tyr, are positively charged ( • ▶ Fig. 11a-d) [74] . In the case of the TSHR blocking autoantibody K1-70 the equivalent surface is negatively charged, thus the sulphated Tyr is repelled by the antibody ( • ▶ Fig. 11e ). In addition K1-70 is positioned too far away from the hairpin loop to make contact. The models of the structures of the TSH-TSHR ECD and M22-TSHR ECD complexes support the concept that the mechanisms of TSHR activation by TSH and TSHR stimulating antibodies are different. Fig. 10 Proposed activation mechanism of the TSHR by TSH. The TSHR ECD is shown in cyan, TSH α is shown in olive and TSH β in orange. The N-and C-termini of the TSHR ECD and the TSHR sulphated Tyr385 are marked. The first step in receptor activation is the binding of the hormone to the concave surface of the leucine rich repeat domain of the receptor a. The hormone undergoes conformational modifications of the βL2 loop that open the hormone sulphated tyrosine binding pocket centred at Arg34β b. Then, the receptor hinge loop, with its negatively charged sulphated tyrosine moves towards the hormone attracted by the positively charged sulphated-tyrosine binding pocket on the hormone (c and d). Reproduced with permission of the copyright holder, RSR Ltd. 
